HIBERNATING
MAMMALS MAIN-TAIN effective cardiac action and circulation at temperatures of 5OC for prolonged periods of time [13, 15, 191 . Nonhibernatom, on the other hand, undergo cardiac failure and expire at low body temperatures unless rewarmed and resuscitated within a short time [3, 171. Artificial circulation with a pump oxygenator has improved the tolerance of profound hypothermia and dogs have survived long-term with no ill effects after 2 hr at a body temperature below 10% [17] . The effect of maintaining an intact pulsatile circulation in profound induced hypothermia has not previously been reported. A noninvasive pulsatile pumping system, mechanical ventricular assist (MVA) has been extensively studied as a technique for total circulatory support in normothermia [l, 23, 30, 321 . The use of the MVA at low body temperatures provides mechanical cardiac function, lack of which is the initial and most obvious cause of circulatory failure. Dogs have been maintained for 2 hr with core temper-ature below 10°C using this method and after rewarming, have survived long-term with no ill effects [33] . Circulatory dynamics and regional blood flow at 5OC and after rewarming were studied in dogs using 9gmTechnetium microspheres.
METHOD
Twenty-five beagles weighing 7-11 kg were anesthetized with sodium thiamylal (Surital) and succinylcholine (Sucostrin) and divided into three groups (1) 37% normothermic control, nine dogs; (2) 5OC MVA circulatory support, eight dogs; and (3) 36% rewarmed, eight dogs. Respirations were controlled using a volume respirator delivering 100% oxygen at normothermia and 95% oxygen and 5% carbon dioxide during hypothermia in order to maintain a normal arterial pH. Blood pressure, pulse, central venous pressure, and esophageal temperature were continuously monitored and hematocrit was measured intermittently.
Blood gases were corrected for temperature as descri,bed by Severinghaus [29] . Ringer's lactate solution was administered intravenously at a rate to maintain central venous pressure and to prevent hematocrit rise above 45 vol %. No other medication was given.
Cardiac output was measured using the indicator dye dilution technique and blood flow distribution was determined simultaneously using ssmTechnetium-labeled al- riod and increased to 100 beats per minute during rewarming.
After 2 hr at a temperature below 10°C, the esophageal temperature had fallen to 5 -t-2%. Cardiac output and ssmTechnetium microsphere distribution were determined in group 2. The eight dogs in group 3 were placed in a 40°C bath and rewarmed. When esophageal temperature reached 2%30°C, the MVA pumping device was removed from the heart and the dogs resuscitated with electrical defibrillation, calcium chloride, and sodium bicarbonate when necessary. One hour later when esophageal temperature had reached 36OC, cardiac output and ssmTechnetiumlabeled microsphere distribution were determined.
RESULTS

Circulatory
dynamics.
As temperature fell, pulse, blood pressure, and cardiac output declined (Fig. 1) . Below 20°C, a marked bradycardia developed and progressed to cardiac standstill. Ventricular fibrillation was encountered in only one of the 16 dogs. With application of the mechanical ventricular assist device, there was a prompt rise in cardiac output and blood pressure.
H,owever, despite constant mechanica cardiac pumping, cardiac output and blood pressure progressively declined as temperature fell. At 5OC, mean blood pressure was 45 mm Hg or 37% of control level. Cardiac output was 26 ml/kg/min or 18% of normothermic control. Peripheral vascular resistance rose from 80 at 37OC to 196 at 5°C. Stroke volume decreased from 1.0 ml/kg/beat to 0.4 ml/kg/beat at 5OC (Fig. 2 ). With rewarming there was an increase in cardiac output and blood pressure as temperature increased, although both remained below comparable temperature levels during cooling. At 30°C the MVA was removed and four (of eight) hearts beat spontaneously and required no resuscitation. Three others were given calcium chloride and sodium bicarbonate and electrically defibrillated. One couId not be defibrillated. One hour after resuscitation the temperature had risen to 36% and six of the seven surviving dogs had strong cardiac action, stable blood pressure, intact pupillary reflexes, and were struggling against the respirator, shivering and moving their extremities. One was hypotensive, hypoxic and very poorly responsive. Measurements in group 3 were made in seven dogs. Cardiac output had risen to 88 ml/kg/minute or 63% of normothermic control. Mean blood pressure was 83 mm Hg, 69% of control, and peripheral resistance remained elevated at 126. Stroke volume returned to 0.9 ml/kg/beat, not significantly diffcrent from control values (Fig. 2) .
Distribution of cardiac output. At 5"C, the distribution of cardiac output was significantly different from the normothermic pattern but returned toward normal after rewarming (Fig. 3) . The percentage of cardiac output to the heart at 5OC increased to three times normothermic control and the percentage to the brain was twice contro1 Ieve (Fig. 4) . The kidney and spleen received a smaller proportion of cardiac output and other organs were unchanged. The changes in the heart, brain, kidney, and spleen were statistically significant (P < .05). After rewarming, the heart continued to receive twice the percentage of cardiac output of normothermic controls but the distribution to other organs did not differ statistically from control levels. There was no significant difference in the total number of microspheres recovered among the three groups.
Regional blood flow. While percentage of cardiac output to the brain and heart increased, absolute blood flow decreased (Fig.  5) . Flow to the heart and brain was, however, selectively maintained at a high level. While cardiac output was 18% of control, flow to the heart was 52% and to the brain 41% of control. Flow to the other organs decreased more than cardiac output: gastrointestinal, 17% of control; liver, 13% of control; lung, 2% of control; and kidney, 6% of control (Fig. 6 ). After rewarming, cardiac output remained below normal but coronary flow returned to normal and prominent distended coronary arteries were seen on the surface of the heart. Flow to the brain, kidney, and gastrointestinal tract was significantly below normal in accord with the low cardiac output. Flow in the liver and lung did not differ significantly from contro1 levels. 
DISCUSSION
Circulatory dynamics. A fall in cardiac output to l&18% of control occurs in dogs cooled to 17-20°C [3, 12, 16, 241 . This is accompanied by a fall in blood pressure and a marked bradycardia of 20 beats per minute and less with maintenance of a normal stroke volume [5, 6, 241. Bradycardia progresses and the circulation fails below 15-18OC. The MVA maintained a constant heart rate of 70 beats per minute but cardiac output nonetheless decreased to 18% of control value at 5%. Thus, the fall in cardiac output is not a result of bradycardia as has been suggested [8] , but a result 'of decreasing venous return and ribine peripheral resistance and possibly change A rewarming shock pattern with poor perfusion of vital organs was present to a variable extent in four of the seven animals that were resuscitated. In Fig. 7 technetium microsphere distribution in relation to rewarming shock is shown. The dog A could not be resuscitated and was continued on ;he mechanical ventricular assist with a liastolic pressure of zero. No filling of vital organs was seen. Dog B had a diastolic n-essure of 25 and good perfusion of the leart alone was seen. Dog C was stable with a normal cardiac output and blood )ressure and a normal microsphere listribution.
Distribution of cardiac output. The ralidity of the microsphere technique for neasuring the distribution of cardiac outjut has been established at normothermia 10, 21, 23, 26, 281 and the control distribuion at 37°C correlates well with previous eported data from the dog ]14 1. 99mTech-101 netium-labeled microspheres were selected because the density of the particles closely resembles that of red blood cells and settling effects at relatively low flow states was minimized. Adequate mixing and sus- pension were confirmed by equivalent counts in the two kidneys.
Rudy et al. [27] , have used the microsphere flow distribution technique to study blood flow in the rhesus monkey at 15OC circulated with a pump oxygenator. The percentage of cardiac output to the brain was found to decrease at 15OC and the percentage distribution to the heart was noted to decrease during rewarming. These seemingIy deleterious effects, which were not seen in the present study, may have been caused by the maintenance of a very high system flow (200 ml/kg/minute) at low temperatures (17) . Lesage (17) has shown that dogs perfused at a low rate (20-25 ml/kg/minute) had a better survival rate than dogs perfused at a high rate (55 ml/kg/minute).
Regional blood flow. The validity of organ blood flow measurements derived from microsphere distribution was confirmed in three dogs by measuring renal artery flow with an electromagnetic flowmeter. No significant difference between the two methods of measurement was found:
Renal artery jlow Microspheres T&=8 0.7 + 0.6 ml/kg/mir Flowmeter n=3 0.9 + 0.4 ml/kg/mir Most studies of regional circulation ir hypothermia have found a linear drop ir blood flow in relation to temperature Coronary blood flow has been measured tc be 25% of control at 20% [2]. Rosonof and Holaday reported a cerebral biood flop of approximately 30% at 25*C [25] . Rena blood flow was 30% of normal at 25°C [5 and 8% at 20°C [ 91. Splanchnic blood flop has been measured to be 31% of control a 25% [ll] and 40% at 20°C [8] . Our find ings are striking in that a significant bloo flow to the heart and brain was selective1 preserved. This may be due to selectiv cold-induced vascular dilatation in thes organs. Beine [2] and Mangiardi [20] hav shown that increasing the coronary pel fusion pressure markedly increased cor( nary flow at low temperatures in dog Prominent dilated coronary arteries we1 visible on the surface of the heart at low temperatures and after rewarming, vasodilatation persisted with a normal coronary flow while cardiac output was low. Ventilation with 5% CO, is not the cause for high cerebral blood flow [33] . Renal blood flow was found to be quite variable and seemed to be dependent on perfusion pressure. The greater decrease in renal blood flow compared to splanchnic flow at 5OC was also noted by Delin at 2OW using electromagnetic flowmeters in dogs [9] . The return of blood flow in the liver and lung to normal or above normal after rewarming probably represents peripheral and splanchnic arteriovenous shunting rather than increased capillary blood flow.
COMMENT
It is interesting to compare the circula-;ory patterns artificially obtained in inluced hypothermia with those naturally occurring in deep hibernation. In deep hilernation, animals undergo a profound de-:rease in cardiac output, blood pressure, md heart rate. Peripheral resistance rises md stroke volume remains the same [13, 5, 19, 221 . Cardiac output and heart rate nay fall to l-2% of normothermic levels 13, 221. In induced hypothermia at 5"C, :ardiac output and blood pressure decrease nd peripheral resistance rises. A heart rate If 70 beats per minute is a significant achycardia for the temperature level of '"C and results in optimum cardiac output but incomplete ventricular filling. The cariac output thus attained may exceed the metabolic demands at 5°C and cause deleerious effects by overperfusion [17] . Wells 1311 measured the distribution of 'RbCl in dormice and bats hibernating at "C and found that the heart received 10 mes the amount of blood per unit weight Ian any other tissue. This finding has been zmfirmed by others [7] . The brain has not een measured since rubidium will not cross ie blood-brain barrier. The kidneys were ot considered because of lack of unijrmity 'of results and other tissues were found to be uniformly low in blood flow. Our findings of a S-fold increase in coronary distri'bution suggest the possibility that circulatory mechanisms in hibernating and nonhibernating mammals may be qualitatively similar and temperature dependent.
The importance of circulation in induced hypothermia and factors limiting survival have not been determined. Circulation can, however, be provided in profound induced hypothermia and t,his model will be of benefit in the study of low temperature physiology. Ultimate application may be in the field of organ preservation.
SUMMARY
Circulation
was maintained in dogs at 5C using a noninvasive pulsatile pumping system (MVA) and studied using gpmTechnetium-labeled microspheres. Cardiac output, blood pressure, and stroke volume decreased as temperat,ure fell and peripheral resistance increased.
Seven of eight dogs were successfully resuscitated after rewarming but cardiac output and blood pressure remained l'ow and peripheral resistance remained high.
The distribution of cardiac output increased to the heart (x3) and brain (x2) and decreased or remained the same in other organs at 5OC.
Blood flow in the heart and brain remained high at 5OC, despite a low cardiac output. After rewarming, blood flow was normal in the heart but remained low in the brain, kidney, and gastrointestinal tract. Circulation in profound induced hypothermia may be similar to circulation in deep hibernation. 
